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Helicity is not relativistically invariant (for massive particles)
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Left-handed neutrinos (v, v, v,;) and Right-handed antineutrinos (7., ¥, ¥, )
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Mass Eigenstates
Solutions to the Dirac equation
[ve) V1)
Vu) | = Ut |v2)
|vr) |v3)
Active Neutrinos
Weak Interaction Eigenstates
Maki-Nakagawa-Sakata matrix
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Sterile Neutrinos
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Because of oscillations with active states, “sterile”
neutrinos aren’t actually sterile.

: : 2
Weak interaction strength ~ G F

Sterile neutrino interaction strength ~ G2 i sin? 26



Dark Energy
Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

MASA/WMAP Science Team
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Electroweak transition
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neutrinos decouple
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Electroweak transition

neutrinos decouple
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neutrinos decouple
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neutrinos decouple CMB
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Sterile Neutrino Dark Matter

Sterile neutrino parameters:

m, = 64 keV sin? 20 = 101

lve) = cosB|vy) + sin f|vy)

lvs) = —sinf|vy) + cos O|v)

Initial lepton numbers:

Ly=L,y=Ly=11x107

v

Lo =
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Neutrino Oscillations

|Ve = cos 0 |V1> + sin 6 |.?/2>
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Matter-Enhanced Neutrino Oscillations
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Matter-Enhanced Neutrino Oscillations

Vo) = cos Oy |v7) + sin by |v5)

lvs) = —sin Oy |v1) + cos Oy |v5)
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Decoherent Sterile Neutrino Production

Mean Free Path Horizon Size

Amtp = gt ~ GR2T 5 dg ~ H ' = 129 T

e

For T' 2, 3MeV , the mean free path of neutrinos in the
early universe 1s short compared to the size of the
universe. As a result, scattering dominates the
quantum dynamics of the neutrinos.




Decoherent Sterile Neutrino Production

P(ve — V) = sin® 20,7 sin® (27t /£,

I'(v, — vs) = =T sin® 20,
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Decoherent Sterile Neutrino Production

Quantum Zeno Effect
“a watched pot never boils™

Pve — vs) = sin® 26 Sin2(27rt/€m)

1

1
[(ve — vg) = §Fe<sin2 2001)
1, 1
— EFE sin“ 26, T2

o e m
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EfS(E,t) =T'(ve — vs)(fe(E,t) — fs(E,t))



Sterile Neutrino Dark Matter

D 1. 1
EfS(E’ t) = EFE sin“ 20 T F T2
Sterile neutrino parameters:
m, = 64 keV sin? 20 = 1019

Initial lepton numbers:

Ly=L,y=Ly=1.1x107

(fe(Eut) o fa(Eu t))



Sterile Neutrino Dark Matter

D 1 1
— fo(E,t) = ~T'.sin® 26
pils(E:t) = 7Tesin M3 T2p2

€ "

(fe(Eut) o fa(Eu t))

m, = 64 keV, sin2 20 = 1010, L, = 1.1 x 107

T = 1200 MeV
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Sterile Neutrino Dark Matter

D 1 1
— fo(E,t) = ~T'.sin® 26
pils(E:t) = 7Tesin M3 T2p2

€ "

(fe(Eut) o fa(Eu t))

m, = 64 keV, sin2 20 = 1010, L, = 1.1 x 107
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Sterile Neutrino Dark Matter

D 1 1
— fo(E,t) = ~T'.sin® 26
pils(E:t) = 7Tesin M3 T2p2

€ "

(fe(Eut) o fa(Eu t))

m, = 64 keV, sin2 20 = 1010, L, = 1.1 x 107

T= 950 MeV




Sterile Neutrino Dark Matter
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m, = 64 keV, sin2 20 = 1010, L, = 1.1 x 107




Sterile Neutrino Dark Matter

D 1 1
— fo(E,t) = ~T'.sin® 26
pils(E:t) = 7Tesin M3 T2p2
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(fe(Eut) o fa(Eu t))

m, = 64 keV, sin2 20 = 1010, L, = 1.1 x 107

T= 20 MeV




Sterile Neutrino Dark Matter
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Sterile Neutrino Dark Matter

As a dark matter candidate, sterile neutrinos aren’t as dark as they ought
to be.
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Sterile Neutrino Dark Matter:
Astrophysical Constraints

Constraints on sterile neutrino mass and mixing angle with active neutrinos.

100

ms (keV)

10 ¢

14 13 12 11 10 -9 8 7 -6
log sin? 26



Sterile Neutrino Dark Matter:
Astrophysical Constraints

Constraints on sterile neutrino mass and mixing angle with active neutrinos.

m, =12 kev, sin? 20 = 1019
L,=48x107
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We examine medium-enhanced, neutrino scattering-induced decoherent production of dark maiter
candidate sterile neutrinos in the early universe. In cases with a significant net lepton number we find two
resonances, where the effective in-medium mixing angles are large. We calculate the lepton number
depletion-dnven evolution of these resonances. We describe the dependence of this evolution on lepton
numbers, sterile neutrino rest mass, and the active-sterile vacuum mixing angle. We find that this
resonance evolution can result in relic sterile neutrino energy spectra with a generic form which is

sharply peaked in energy. We compare our complete quantum kinetic equation treatment with the widely-
used quantum Zeno ansatz.
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